We present results on the dynamic fluorescence properties of bioconjugated nanocrystals or quantum dots (QDs) in different chemical and physical environments. A variety of QD samples was prepared and compared: isolated individual QDs, QD aggregates, and QDs conjugated to other nanoscale materials, such as single-wall carbon nanotubes (SWCNTs) and human erythrocyte plasma membrane proteins. We discuss plausible scenarios to explain the results obtained for the fluorescence characteristics of QDs in these samples, especially for the excitation time-dependent fluorescence emission from clustered QDs. We also qualitatively demonstrate enhanced fluorescence emission signals from clustered QDs and deduce that the band 3 membrane proteins in erythrocytes are clustered. This approach is promising for the development of QD-based quantitative molecular imaging techniques for biomedical studies involving biomolecule clustering.
complex biological environments is still challenging as key optical properties, such as quantum yield and fluorescence emission, are significantly influenced by variations in the QD nanoscale environment. 6, 7 Therefore, optical characterization of single or clustered QDs in controlled or known physical and chemical environments is of exceptional importance in understanding the mechanisms affecting the optical properties of QDs. For instance, variations in physicochemical conditions at the surface of QDs (e.g., band gap or thickness of a surface passivation layer in binary semiconductor QDs, ionic strength of surface-conjugated organic molecules in water-soluble QDs, etc.) are introduced in a controlled fashion to evaluate their influences on the optical properties. 8 For real applications, nanotechnology to engineer QDs has enabled a variety of measurement strategies to use QDs as functional optical elements and devices such as nanobiosensors. 5, [9] [10] [11] [12] For example, single colloidal QDs in solution have been employed to probe their immediate nanoscale environment such as ionic strength or pH. 13, 14 In addition, the fundamental mechanisms of QDs' interactions with other nanoscale materials have been investigated. 15 To this end, recent reports have shown that self-interacting QDs in aggregate or QDs interacting with other solid-state nanoscale materials, such as single-wall carbon nanotubes (SWCNTs) and metallic nanoparticles, modify the optical characteristics of QDs. [16] [17] [18] This approach has enabled the assessment and control of nanoscale assembly processes involving QDs and other nanoscale materials. 19 Among other optical characteristics of QDs, fluorescence properties such as blinking and lifetime have been used to assess the nanoscale environment characteristics and to develop optical sensor platforms to investigate chemical and biological processes. A fundamental understanding of the fluorescent characteristics of these surface-functionalized QDs in different physical or chemical conditions is essential for their use in quantitative molecular imaging for biological and biomedical applications. Here, we discuss how the emitted fluorescence is modified when surface-functionalized single QDs are bound to SWCNTs or aggregate when linked to clustered proteins in the cell membrane. To demonstrate the plausibility of quantitative molecular imaging of real biological samples, we present our preliminary results on the enhancement of fluorescence emission from clustered QDs in human erythrocytes. Further development of this approach will enable quantitative optical characterization of target molecules in single cells to illuminate their physical, chemical, and biochemical processes. [20] [21] [22] 
EXPERIMENTAL Fluorescence Intermittency of Single and Clustered QDs
QD samples were prepared on clean Corning borosilicate glass coverslips obtained from Ted Pella (Redding, CA). Prior to use, the coverslips were cleaned in piranha solution (100% H 2 SO 4 : 30% H 2 O 2 , 3 : 1 volume) at room temperature for 24 h, rinsed thoroughly with 18.2 Mohm water from a Nanopure Diamond Life Science Water Purification System (Barnstead International, Dubuque, IA) and stored under water. Coverslips were dried under a stream of nitrogen just prior to use followed by 20 min of ultraviolet-ozone cleaning in a Jelight ozone oven (Irvine, CA). Approximately 3 µL of nominally 10 nmol/L or 1 µmol/L QD solutions with carboxyl-functionalization or streptavidinconjugation (CdSe/ZnS, 588-608 nm emission peaks, Evident Technologies, Troy, NY) were placed on the cleaned glass coverslip and spin-cast to produce spatially isolated QDs. The coverslip was attached to an XYZ closed-loop piezo stage from Mad City Labs (Madison, WI) and positioned directly above a high numerical aperture (100X, 1.45 NA) objective lens from Zeiss (Thornwood, NY) mounted on an inverted fluorescence microscope, Zeiss Axiovert 135TV (Thornwood, NY). The 488 nm line from an argon ion laser was directed through a holographic band pass filter from Kaiser Optical Systems (Ann Arbor, MI), coupled into the objective lens via the back port of the microscope, and focused directly above the coverslip. The QD sample in air was rasterscanned through the diffraction-limited laser focus and the fluorescence emission from the sample was collected with the same objective lens. The emission light was filtered to remove residual laser excitation using a 488 nm holographic notch filter from Kaiser Optical Systems (Ann Arbor, MI) and a 515-nm long pass filter from Chroma Technology Corp (Rockingham, VT), and imaged onto an avalanche photodiode detector (APD) type SPCM-200 (EG&G, now Perkin Elmer, Fremont, CA). Images were constructed pixel by pixel by stepping the piezo stage in 50 nm increments using a 10 ms dwell time at each pixel. From the collected fluorescence image, the coordinates of individual QDs were recorded and used to position these QDs at the center of the focused laser spot for further analysis. Individual QDs or clusters were then exposed to continuous laser excitation (5 µW at 488 nm) and the fluorescence emission was collected for 10 min periods with 8 ms time resolution. After collecting this fluorescence signal, the sample was reimaged to ensure that no significant drift of the sample occurred during data collection (data not shown). All aspects of the imaging and data collection process were controlled using a RHK Technology Inc. (Troy, MI) controller and data acquisition software.
Conjugation of QDs and SWCNTs
Purified high-pressure CO conversion (HiPCO) SWCNTs were obtained from Carbon Nanotechnologies, Inc., and used as received. The preparation of DNA-wrapped SWCNTs (DNA-SWCNTs) is described in detail elsewhere. 23, 24 Briefly, SWCNTs were sonicated in buffer solution (200 mmol/L NaCl in de-ionized (DI) water, 100 mmol/L Tris buffer, 5 mmol/L NaN 3 solution buffered to pH 7 with HCl) in the presence of 30-mer 5 -GT(GT) 13 GT-3 single-stranded DNA, followed by centrifugation at 21,000 g for 2 h. The resulting supernatant is a stable, black liquid containing well-dispersed SWCNTs. COOH-functionalized QDs (Invitrogen) were conjugated to the DNA-SWCNTs. The conjugation procedure is similar to that described previously by Banerjee et al. 25, 26 and the characterization of the conjugation steps is described in detail elsewhere. 27 After conjugation, the sample was washed, centrifuged, and decanted twice. The final concentrated solution was resuspended in DI water for optical microscopy.
Differential Interference Contrast Microscopy and Fluorescence Microscopy of the Conjugates of Single-wall Carbon Nanotubes and QDs
Differential interference contrast (DIC) microscopy was accomplished using a tungsten lamp with a 0.55 NA condenser on an Olympus IX-81 inverted microscope with polarizers and Nomarski prisms (Olympus America, Center Valley, PA) using a 1.45 NA PlanAPO total internal reflection fluorescence oil objective. For epi-fluorescence imaging, a 457 nm band pass filter was used to select a small spectral range from the Hg arc lamp. The optical signal was imaged onto an electron multiplying charged coupled device (EM-CCD) camera (Andor Technology, Ireland). The lifetime image of QDs conjugated to SWCNTs was achieved by diffraction-limited confocal scanning microscopy with a Ti:Sapphire laser (76 MHz) excitation at a frequency-doubled wavelength of 459 nm. A pulse picker (NEOS Technologies, Melbourne, FL) was employed to reduce the repetition rate to 7.6 MHz. The excitation laser power was about 14 µW with a dwell time of 10 ms per pixel. The lifetime for each pixel was obtained by a data acquisition (DAQ) Becker-Hickel SPC830 DAQ board (Sync In mode) to construct an image of 128 × 128 pixels.
Fluorescence Microscopy of Clustered QD Thin Films and QD-labeled Human Erythrocytes
A droplet of approximately 20 µL of a nominal 1 µmol/L solution of streptavidin-coated QDs was placed on a cleaned glass coverslip and dried under a laminar flow hood in a clean room. After drying, the sample was viewed using an Olympus America Inc. (Center Valley, PA) IX81 epi-fluorescence microscope with a 500 W Hg arc lamp running at 200 W with a fluorescence filter set [a bandpass exciter (447 nm ± 15 nm), a dichroic mirror (505 nm cutoff), and a longpass emission filter (560 nm cutoff)], and a 1.25 NA oil-immersion objective]. Images were captured by an intensified, cooled charge-coupled I-PentaMAX camera from Roper Scientific (Duluth, GA). For analysis of the excitation time-dependent fluorescence (ETDF), movie frames of the same area of the sample were taken every 100 ms and the pixel intensities within a fixed region of interest in each frame were averaged and plotted versus the exposure time. To allow partial exposure of the sample, an aperture iris was placed at the back imaging plane of the objective to focus the field stop aperture onto the sample surface.
Fixation and labeling of band 3 proteins in human erythrocytes with QDs were performed as described previously. 28 Briefly, the cleaned coverslips were treated with a 2.5% ( 
RESULTS AND DISCUSSIONS
Optical characterization of individual colloidal QDs with diffraction-limited confocal microscopy requires sufficient dispersion of QDs on a substrate with not more than one QD within the focal volume. Spin coating of QDs on hydrophilic glass substrates from a solution with low concentrations (<1 Figure 1C demonstrates the intermittency phenomenon in which the QD either emits fluorescence (on) or is nonfluorescent (off). The on/off transitions clearly exhibit quantized steps between fluorescence emission and background levels confirming that the emission is from a single QD. Although most fluorescent spots in these samples exhibit characteristic quantized 'blinking' behavior of single QDs, brighter fluorescent spots deficient of this quantized intermittency are occasionally observed ( Figure 1A , arrow 'b'). As shown in Figure 1D , a typical time trace of the emission from the bright spot exhibits characteristics of multiple QDs, with photon counts an order of magnitude higher. The time trace shows relatively larger intensity fluctuations than that of single QDs. This is a result of the summation of stochastic fluctuations of independent quantized blinking of multiple yet isolated QDs within the confocal volume. Upon increased laser intensity, the stepwise decrease of fluorescence intensity due to a series of quantized photo bleaching of QDs also confirms the existence of multiple QDs in the confocal volume.
Confocal scanning microscopy of spin-cast streptavidin-coated QDs onto a glass substrate from a highly concentrated QD solution (>100 µmol/L) frequently results in even brighter fluorescent patches in the image. The maximum fluorescence emission intensities within these patches are about two orders of magnitude higher than those of single QDs ( Figure 1B ). These high fluorescence intensities and irregular, non-Gaussian patchy patterns imply that QDs exist in clustered forms when surface-conjugated proteins induce aggregation of multiple QDs. The time trace of the emission intensity shown in Figure 1E , measured from a point within the bright patch ( Figure 1B , arrow 'c'), show characteristics which are not seen from single QDs and low density groups of QDs obtained from dilute QD solutions. The most noticeable difference consistently observed from these aggregated QDs is an emission intensity increase early in the time trace. We observed that the rate and maximum peak intensity of this initial increase vary and depend upon experimental conditions, such as the QD solution concentration, the shelf life of the solution before spin casting, the excitation power of the confocal beam, and the type of surface functionalization. The initial emission intensity increase is followed by gradual decrease until complete photo bleaching of all the QDs occurs.
The blinking phenomenon observed in isolated QDs is attributed to exciton separation and recombination kinetics. QD in which a charge carrier is likely ejected from the QD core to trap states on or near the QD surface to produce an ionized, nonemitting QD. This excited charge carrier can follow two possible pathways. The first pathway is to return to the valence band and recombine with the counter charge (electron or hole) to emit a photon. As Figure 2A illustrates, the second pathway is for the exciton to localize at a surface trap state via Auger-assisted ejection or tunneling to result in a quasi-stable dark state of an ionized QD. The excitonic charge carrier undergoing ionization transitions results in a nonfluorescent QD likely trapped in two states (at an extremely fast rate or through a quasi-stable dark state) that produce distinct optical characteristics. In contrast, extended nonemissive states of QDs are the result of charge carrier transitions to deep trap states such as defects on the surface of the QD, or to the substrate or functional coatings at the QD surface. For instance, our previous study of single QDs demonstrated that surface conjugation with electron-donating thiolate groups significantly lowers the rate of charge ejection to deep trap states, and/or conversely, increases the rate of charge return to the QD to result in higher quantum yield than in QDs conjugated with other organic ligands providing highly populated and complex deep trap states. 6 On the other hand, for QDs in contact with each other within an aggregate, a charge ejected from a QD to the surface trap state can be attracted to a neighboring QD ionized with an opposite charge ( Figure 2B ). This increased population of counter charges results in the radiative recombination of an excitonic charge pair at a higher rate than the recombination rate in single photoexcited QDs. According to this ejected charge exchange (ECE) model, when clustered QDs are exposed to constant excitation, the 'off' time period that the ejected charges are trapped in deep trap states is shortened; therefore, the quantum yield or fluorescence photon counts per bin time increases. This may result in an initial increase in the time trace of the fluorescence intensity ( Figure 1E ). The quantum yield of clustered QDs under constant illumination increases toward its maximum value until the system reaches a quasi-equilibrium state with maximum populations balanced between the number of ejected charges and ionized QDs. As QDs continue to be exposed to the excitation light, the quantum yield begins to drop. This is due to the growth of a photo-oxidized layer in QDs, resulting in a buildup of tunneling barriers and subsequent decrease of the ECE rate among QDs. 32, 33 This photo-oxidation process eventually obscures the quantum confinement structures of excitonic charge carriers in QDs, resulting in a complete deprivation of their fluorescence emission, in other words, quenching. We further examined the influence of metallic or low-bandgap nanoscale materials on the optical characteristics of QDs. Upon excitation of QDs conjugated to these materials, the photonic energy creates excitons or excitonic charge pairs in these QDs, but their photoluminescence involves a more complex mechanism than the simple ECE model described above. As Figure 2C illustrates, the annihilation of excitonic charge pairs to convert excited QDs into the neutralized state may be possible through direct exchange of charges between a photoexcited QD and the surrounding material, where the density of states of counter charges (excitonic charges or free electrons in the conjugated materials in contact with the QD) are allowed to contact at the interface. Alternatively, when the fluorescence emission spectra overlaps with the absorption spectra of the conjugated material, Förster resonance energy transfer (FRET) may also be possible through nonradiative energy transfer from a photoexcited donor (QD) to a ground-state acceptor (surrounding material) in proximity of the donor. [34] [35] [36] These charge exchange and energy transfer processes involve nonradiative relaxation of photoexcited QDs; therefore, both the photoluminescence and fluorescence lifetime of these QDs are expected to be quenched. 16 To investigate the phenomenon described above, SWCNTs were conjugated to QDs. Batches of SWCNTs used in this study are a mixture of metallic and semiconducting materials, and they exhibit absorption wavelengths overlapping the emission wavelengths of the QDs. 37 In brief, we conjugated QDs to dispersed SWCNTs via covalent amidation, employing singlestranded DNA oligonucleotides with guanine (G) and thymine (T) repeating units as linkers between QDs and SWCNTs. The details of this conjugation procedure are described elsewhere. 23 Figure 3 (A and B) shows a typical DIC micrograph and a fluorescence image of SWCNT bundles conjugated with QDs. DIC imaging allows for visualization of the materials without requiring fluorescence. This technique can provide high contrast images of materials with similar light transmission properties and relies on differences in refractive index. Although analogous images could be obtained through standard transmission microscopy, the DIC images exhibit sharper contrast at the particle borders. Several larger bundled materials are seen in the DIC image ( Figure 3A ) along with smaller more rounded particles. We compare the DIC image with that obtained by wide-field epifluorescence microscopy ( Figure 3B ). Although confocal microscopy allows for better spatial resolution (especially along the z-axis), it requires scanning of the excitation light across the sample. Here, the entire image is measured simultaneously (by imaging the signal onto an EM-CCD camera) with the drawback of additional out-of-focus signal (as evidenced by the higher background in Figure 3B ). From the fluorescence images, we observe that the very small round objects are not fluorescent, while the larger DNA-SWCNT bundles are densely decorated with QDs. Reaction of multiple carboxylic groups from a single QD to two or more DNA-SWCNTs can link many nanoparticles together, resulting in 'bundles' of SWCNTs. This is the likely cause of the large structures observed by DIC and fluorescence. The same conjugation procedure was repeated without linking reagents to estimate the nonspecific interactions between the nanomaterials. No QD-SWCNT coupling was observed in this control experiment (data not shown). A fluorescence confocal image of QD-conjugated SWCNTs ( Figure 3C ) quantitatively shows the fluorescence intensity distribution from conjugated QDs. Although transmission electron microscopy (TEM) results exhibit relatively uniform distribution of QDs over the entire SWCNTs (data not shown), the fluorescence image shows bright emission only along the SWCNT bundle boundary. Diminished QD fluorescence emission is observed in regions where the SWCNT concentration is high, indicating SWCNTs quench QD photoluminescence. The decreased QD fluorescence lifetime after conjugation to SWCNTs further supports the evidence that nonradiative relaxation of photoexcited QDs becomes dominant when the QDs are conjugated to metallic or low-band gap materials. However, to quantitatively assess the influence of SWCNT conjugation on the fluorescence quenching of QDs, the optical characteristics of this hybrid sample need to be interrelated with the nanoscale physical and chemical environments, such as the chemical bonding at the interface of the two materials, the density distribution of QDs, and the quantity and composition of conjugated SWCNTs. Here, we report only qualitative results on the effect of SWCNTs by comparing ETDF intensities between samples of SWCNT-conjugated QDs and of proteincoated QDs on glass substrates. Details of the image acquisition and analysis methods are described in the experimental section. Upon photoexcitation, nonradiative charge or energy transfer in the SWCNT-QD system would substantially quench the fluorescence intensity as well as the ETDF intensity of QDs in the thin film, while the ETDF would be much more prominent for aggregated proteincoated QDs in the absence of SWCNTs. Figure 4 shows ETDF results from clusters of protein-coated QDs on glass substrates. To measure the ETDF of QDs, a thin film of streptavidin-coated QDs was prepared on a glass substrate, and a partially open iris field-stopped aperture in front of the illumination light source was imaged onto the middle of the sample surface and was left open for 6 min to preexpose the QDs within the open aperture area. After this preexposure, the iris field-stopped aperture in front of the illumination light source was removed to image the entire field of view of the sample. The fluorescence image in Figure 4A clearly shows enhanced ETDF of the preexposed QDs. An additional experiment using a letter photomask ( Figure 4B and C) to expose a streptavidin-coated QD covered slide exhibited similar results: the preexposed region of QDs is brighter than the unexposed region. On the other hand, the ETDF enhancement of SWCNT-conjugated QDs is not significant, and is approximately 1 order of magnitude less than that observed from aggregated streptavidin QDs ( Figure 5D and E). At early exposure times ( Figure 5D ), the QDs conjugated to SWCNTs show monotonously increasing ETDF. However, the rate of increase is much lower than that of streptavidin QDs at later times.
The ETDF measurement may be used to quantitatively evaluate the self affinity or homooligomerization of proteins in cell membranes. In previous studies involving QD-immunolabeling of band 3 proteins in the plasma membranes of human erythrocytes, significant oligomerization of band 3 proteins was observed after the erythrocytes were infected with the Plasmodium falciparum malaria parasite. 38 Band 3 oligomerizations are recognized as a result of a significant increase in intracellular oxidation level due to digestions of erythrocyte hemoglobins by parasites as well as the normal senescence process. Oxidated hemoglobins such as methemoglobines continue to degrade and form 'hemichromes' that attach to the cytoplasmic tail of band 3. The attachment of hemichromes is considered as a major driving force of band 3 oligomerization. During the normal erythrocyte recycling mechanism, the oligomerized band 3 seems to be recognized as a 'neoantigen' by host immunoglobulins and stimulates efficient capturing of these erythrocytes. Therefore, developing a method for the sensitive detection of band 3 oligomerization level is critical from an immunology stand point of view. However, common fluorescence microscopy imaging methods used to quantify band 3 clustering required complex mathematical data analyses due to the light diffraction limit. Therefore, ETDF measurements are a suitable alternative for highresolution detection of such small protein clustering. In this study, biochemical assays on nonparasitized erythrocytes show the oligomerization of band 3 proteins in the membrane, although the degree of oligomerization is much less than parasitized erythrocytes. In an attempt to evaluate the oligomerization Figure 5E ). For the erythrocyte sample, the ETDF is plotted from a single cell (circled in Figure A and B) . The results show that ETDF enhancement of QDs conjugated with anti-band 3 antibodies in cells is greater than SWCNT-conjugated QDs, but it is still less than thin films of streptavidin QDs. The reduced ETDF enhancement is qualitatively consistent with previous results, suggesting that the band 3 proteins in nonparasitized erythrocytes exist both as oligomers and as monomers, as the QDs labeling monomeric band 3 proteins would not contribute to the ETDF enhancement. 38 As oligomerization of band 3 proteins is known to be significantly increased in P. falciparuminfected and in sickle erythrocytes, a measurement of the monomer and oligomer population ratio will allow a quantitative measurement of the degree of band 3 clustering for quantitative diagnostics of malaria parasite infection or sickle cell disease in erythrocytes. To this end, we are working to establish measurement standards by investigating ETDF of QDs by systematically controlling the physical and chemical environments of clustered QDs, such as the length and charge of interparticle linker molecules and the number of QDs in a cluster.
CONCLUSION
We report the dynamic optical characteristics of single and clustered QDs, and QDs conjugated to a variety of materials. Under continuous exposure to an excitation light source, single QDs show quantized fluorescence emission fluctuation and quantized photo bleaching, but clustered QDs exhibit an increase in fluorescence emission at early exposure times. The rate and the total increase of emission from the clustered QDs depends upon the concentration of clustered QDs, the excitation power and exposure time, the presence of conjugated molecules on the QD surface, and QD conjugation to the substrate or other materials. Our results demonstrate that clustering of QDs coated with streptavidin proteins or antibodies enhances the fluorescence emission upon photo excitation, while the enhancement in QDs conjugated with metallic or low-band gap semiconductor materials, such as SWCNTs, is less significant. ETDF enhancement was also observed from QD-labeled band 3 proteins in human erythrocytes, which is indicative of the membrane protein clustering.
